Abstract In this paper, we report a technique of controlling the number of single-walled carbon nanotubes (SWNTs) between two electrodes. The SWNT devices consist of an array of SWNTs between two silver/palladium electrodes, which are fabricated with electron beam lithography and silver. Using the tip-sample interaction in contact mode of atomic force microscopy (AFM), the number of individual SWNTs can be controllably decreased. The current-voltage measurements indicate that the resistance increases when the conducting channels of SWNTs are reduced. This simple and controllable approach could be useful for the assembly of high performance devices with a desired number of channels for future electronic investigations.
Introduction
Ever since their discovery, carbon nanotubes (CNTs) have attracted tremendous attention due to their unique structure and outstanding mechanical and electronic properties (Baughman et al. 2002; Fischer and Johnson 1999; Louie 2001; Salvetat et al. 1999) . Single-walled carbon nanotubes (SWNTs) consist of a single graphene sheet wrapped up into a cylindrical tube. The band structure of SWNTs depends on their diameter and chiral angle and hence, they can be either semiconducting or metallic. Owing to these unusual electronic characteristics, SWNTs have been considered as an ideal candidate in a variety of nanoscale devices, such as transistors (Ionescu and Riel 2011; Li et al. 2014) , sensors (Karimov et al. 2015; Kauffman and Star 2008) , etc. However, the fabrication of SWNT-based devices still presents a challenging task, mostly owing to the difficulties in controlling their density, diameter and placement (De Volder et al. 2013) . Consequently, to build SWNT-based devices with preferred structure and electronic properties, it is of great importance to know how to manipulate the nanotubes individually and place them at desired positions. Atomic force microscopy (AFM) has been a widely used tool to perform various kinds of CNT manipulation. Both contact mode and non-contact mode could be used to translate, bend, roll, split or cut the nanotubes (Hyon et al. 2005; Kim et al. 2003; Kumar et al. 2012; Postma et al. 2000; Ziyong et al. 2003) , either by applying the tip bias (Hyon et al. 2005; Kim et al. 2003; Park et al. 2002) or by exerting mechanical forces (Hertel et al. 1998) . Devices based on SWNTs were also fabricated through AFM manipulation such as single-electron transistors (Postma et al. 2001) , field-effect transistors (Avouris et al. 1999) , diodes (Jiao et al. 2008) , and so on.
For the fabrication of SWNT array devices, several SWNTs need to be placed between a pair of electrodes as source and drain (Zhang 2013) . Although these devices produce high output currents (Seidel et al. 2004) , their overall performance may be hampered by the random alignment of SWNT channels. Here, we present a technique of controlling the number of conducting channels of SWNTs between a pair of electrodes. Using the tip of AFM in contact mode, an array of SWNTs could be controllably decreased into a well-defined number of channels between the electrodes. Efficient parameters are established for the manipulation of the nanotubes. It was found that with no tip bias, the SWNT bundles are disentangled into fluffy SWNTs and could only be cut and swept away when the tip voltage is applied. The change in electrical resistance with the decrease of the SWNT conducting channels is also discussed. This technique provides possibilities for the assembly of high performance devices with controllable electronic properties.
Experimental
The SWNT samples used in this work were prepared as follows. A silicon wafer coated with 800-nm-thick SiO 2 layer was used as substrate. Standard electron beam lithography (EBL) and lift-off process were used to fabricate an electrode pattern on top of which palladium electrodes were evaporated (5 nm Cr/100 nm Pd). A layer of PMMA was spin coated on the substrate and an aligned pattern was made on the electrode area by EBL. A 400-nmthick silver (Ag) film was then evaporated on the substrate. SWNTs were grown on the silver surface using floatingcatalytic chemical vapour deposition (Zhao et al. 2008 ) in a mixture of 1000 sccm Ar and 10 sccm CH 4 at 1000°C. Finally, following a lift-off process to remove unwanted Ag particles and SWNTs on PMMA, the sample was subjected to a thermal annealing treatment at 960°C. At this stage, the silver film melted into liquid and the randomly distributed SWNTs were pulled into a straightened array between the palladium electrodes.
The as-fabricated SWNT array samples were consequently manipulated using atomic force microscopy. The morphology and electrical characteristics of the samples were investigated by a field emission scanning electron microscope (SEM, Hitachi S-4800) and B1500 Agilent semiconductor characterization system, respectively. The AFM experiments were carried out at room temperature using a commercial multimode scanning probe microscope from Veeco instruments. A Pt/Ir-coated conductive cantilever, with a spring constant of 2.8 N/m and resonant frequency of about 75 kHz, was used.
Results and discussions
In Fig. 1a , the SEM image of the fabricated SWNT array devices is shown. A set of five palladium electrodes labeled 1, 2, 3, 4 and 5 were fabricated on the substrate. The designed spacing between two electrodes (herein referred to as 1-2, 2-3, 3-4 and 4-5) was 1, 2, 3 and 4 lm, respectively. The SEM result shows that the alignment of SWNTs is dependent on the electrode spacing, with the smallest spacing having the best alignment. Figure 1b shows the typical room-temperature source-drain current (I SD ) and source-drain voltage (V SD ) characteristics of the devices. Linear current-voltage curves with low electrical resistances of 5.8, 6.2, 19.1 and 34.2 kX, for electrodes 1-2, 2-3, 3-4 and 4-5, respectively, imply ohmic contact between SWNTs and electrodes for the fabricated devices. In addition, an increase in the resistance is observed as the spacing between electrodes increases. One possible explanation is that for carbon nanotubes whose length is greater than its mean-free path [the mean-free path of electrons in a CNT is typically * 1 lm (Park et al. 2004) ], the resistance increases with the length, as shown in the equation below (Ando and Suzuura 2002; Datta 1995) :
where h is the Planck's constant, e is the electron charge, L o is the mean-free path and L is the length of the CNT. The SEM image shown in Fig. 2a was taken with high magnification and is the same as in Fig. 1a between electrodes 4-5. The SWNTs in the blue and red areas were characterized with AFM in tapping mode and the corresponding AFM images are shown in Fig. 2b (blue-dashed box) and c (red-dashed box). It is noted that while some SWNTs are detected in AFM topography, others are hardly seen or not visible at all, which is due to the significant difference in height between the nanotubes and the electrodes. This implies that in our sample, some SWNTs are suspended and others are lying on the substrate, with the suspended SWNTs being visible in AFM topography. In addition, as revealed by the topography, the diameter of the suspended nanotubes appears larger than their actual sizes due to the curvature radius of the tip apex (approximately 20 nm) and the spatial fluctuation of the suspended SWNTs caused by the intermittent contact with the tip (Ono and Ogino 2009) .
The main purpose of our experiment is to control the number of SWNT channels between the two electrodes through manipulation of the device. AFM as a powerful tool not only for imaging nanoscale objects but also for the development of nanoscale electronic devices, has been used to perform the manipulation. In Fig. 3 , we show SEM images obtained after several intermediate steps of our manipulation experiment. The initial configuration of SWNTs is shown in Fig. 3a . The SEM image shown in Fig. 3b was obtained after the first scanning with AFM in tapping mode. The structure of most nanotubes remained unchanged which suggests their high mechanical strength and a good contact stability between the nanotubes and the electrodes. Other nanotubes, indicated by white arrows, were either bent (right arrow) or cut and dissociated from the bundles. Their interaction within the bundle was overcome by the normal force applied by the tip (Ziyong et al. 2003) .
To increase the interaction between the tip and the SWNTs, contact mode was used, where the tip and the nanotubes are in close contact, with almost no tunneling barrier between them. Efficient scanning parameters were established such as setpoint and tip bias. In contact mode, the setpoint refers to the deflection of the cantilever, which is directly proportional to the force exerted by the cantilever to the sample via Hooke's Law. Therefore, the tip force load can be controlled by adjusting the deflection setpoint of the tip. To obtain a more effective interaction time between the tip and the nanotubes, a slow scan speed was chosen which was fixed at 2 lm/s for all manipulation experiments. By gradually increasing the tip deflection setpoint, the tip force load was increased. Figure 3c shows SEM image obtained after the second AFM scanning using contact mode. The tip was placed in the area marked by a white rectangular box. By adjusting the tip force load to around 58 nN with no bias applied to the tip, the nanotube bundles were disentangled into fluffy individual tubes, instead of translating or cutting. As a matter of fact, the manipulation of SWNTs is not only dependent on the interaction between the tip and the SWNTs but also on the binding forces between SWNTs within the bundle as well as the interaction between the SWNTs and the substrate (Claes and Larson 2001; Hertel et al. 1998 ; Ziyong et al. Fig. 1a between electrodes 4-5. The SWNTs in the areas marked with blue-and red-dashed boxes are characterized with AFM, which is used to show if the SWNTs are suspended or lying on the substrate. b, c Corresponding AFM topographic images of the areas indicated in a by blue-and red-dashed boxes, respectively. The suspended SWNTs could be detected by AFM, while those lying on the substrate are not visible due to large height difference. AFM z range z = 600 nm Appl Nanosci (2017) 7:759-764 761 2003). Hence, under mechanical forces and depending on the magnitude of the tip force applied, some deformations are likely to happen to the SWNTs such as rolling, sliding, bending, distortion and in our case, disentanglement. Elsewhere, carbon nanotubes were reported to be cut by a biased AFM tip. Therefore, to cut or sweep away the nanotubes, we applied a bias to the AFM tip. A negative bias of -10 V was shown to cut the SWNTs (not shown), consistent with recent experimental reports of cutting CNTs with a negatively biased tip (Hyon et al. 2005; Kim et al. 2003; Park et al. 2002) . Multiple scans over the area marked with a white rectangular box in Fig. 3d resulted in SWNTs being completely swept away and picked up by the negatively charged tip. Figure 3e also shows an SEM image of the SWNTs after scanning with AFM contact mode in the area marked with a white rectangle. The area was scanned several times at a tip bias of -10 V to completely remove all SWNTs. It can be seen that only three SWNTs remain bridging the electrodes.
Electrical characteristics were measured after every manipulation step. Figure 3f shows room-temperature source-drain I-V curves measured after every stage of manipulation. The resistance of the initial configuration was 34.2 kX and increased to 82.1 kX after AFM scanning with tapping mode in Fig. 3b . From the SEM result in Fig. 3a and b, we count around 18 nanotubes bridging the electrodes. After the manipulation in contact mode with no tip bias in Fig. 3c , the resistance increased slightly to 85.2 kX, while it increased dramatically to 202.4 kX with the application of the negative bias to the tip (Fig. 3d) . After this step, around 11 nanotubes are counted remaining between the electrodes. The manipulation in Fig. 3e resulted in a device with only three SWNTs between the electrodes and the resistance became larger to one order of magnitude, around 1188.9 kX. Obviously, there is no linear relationship between the number of SWNTs and the change in resistance probably because our SWNT sample contains a mixture of both semiconducting and metallic SWNTs. Selective fabrication of highly purified SWNTs with controlled chirality has always been a challenge (Chen et al. 2013) . With the advances in producing arrays of SWNTs with just one type of nanotube, our manipulation technique Fig. 3 a-e A series of SEM images showing the SWNTs after AFM manipulation. a The initial configuration of SWNTs. b SEM image of the SWNTs after the 1st scanning with AFM in tapping mode. Some SWNTs indicated by white arrows were either bent (right arrow) or cut by the tip and dissociated from the bundle. c SEM image of the SWNTs after the 2nd scanning with AFM in contact mode in the area marked by a white rectangle. By adjusting the tip-sample force to around 58 nN at a scan speed of 2 lm/s and with no tip bias, the nanotube bundles were disentangled into fluffy individual tubes. d SEM image of the SWNTs after contact mode AFM scanning of the area marked with a white rectangle. By applying a negative tip bias of -10 V, the SWNTs were cut and swept away by the tip. The scanning was repeated several times until there were no SWNTs found. e SEM image of the SWNTs after contact mode AFM scanning of the area marked with a white rectangle. The area was scanned several times to remove all SWNTs. It can be seen that only three SWNTs remain bridging the electrodes. Scale bar 2 lm. f Source-drain current (I SD ) vs. source-drain voltage (V SD ) of SWNTs. The resistance of the initial configuration was 34.2 kX and increased to 82.1, 85.2, 202.4 and 1188.9 kX after each manipulation step, respectively could be useful for controlling the channels between electrodes and hence investigating different SWNT devices with adjustable electronic properties.
Conclusions
In summary, we have reported the use of AFM to manipulate and control the conducting channels of SWNT arrays between a pair of palladium electrodes. Our results show that the tip-sample force as high as 58 nN is necessary to disentangle the SWNT bundles and the application of a negative tip bias as high as -10 V will always cut and sweep away the nanotubes. A final device with only three conducting SWNT channels between the electrodes was fabricated with a resistance of one order of magnitude larger than the initial device. This manipulation method provides the possibility to controllably modify the electrical properties of CNT-based devices for future electronic applications.
